Abstract: This paper presents first laboratory results of a combined approach carried out by the use of three different portable non-invasive electromagnetic methods: Digital holographic speckle pattern interferometry (DHSPI), stimulated infrared thermography (SIRT) and holographic subsurface radar (HSR), proposed for the analysis of a custom-built wall mosaic model. The model reproduces a series of defects (e.g., cracks, voids, detachments), simulating common deteriorated, restored or reshuffled areas in wall mosaics. DHSPI and SIRT, already well known in the field of non-destructive (NDT) methods, are full-field contactless techniques, providing complementary information on the subsurface hidden discontinuities. The use of DHSPI, based on optical imaging and interferometry, provides remote control and visualization of surface micro-deformation after induced thermal stress, while the use of SIRT allows visualization of thermal energy diffusion in the surface upon the induced thermal stress. DHSPI and SIRT data are complemented by the use of HSR, a contact method that provides localized information about the distribution of contrasts in dielectric permittivity and related possible anomalies. The experimental results, made by the combined use of these methods to the identification of the known anomalies in the mosaic model, are presented and discussed here as a contribution in the development of an efficient non-invasive approach to the in-situ subsurface analysis of ancient wall mosaics.
Introduction
The use of the mosaics as a type of wall decoration is documented in ancient times, since the Roman period [1] [2] [3] . Mosaics became the main wall decoration of the churches in the Byzantine art, with a large spread in the early Christian age and during the Medieval period [4, 5] . After the decline of Byzantine mosaic art in the 13th century, this kind of wall decoration, along with wall paintings, recovers its importance during the Renaissance period [1] [2] [3] . Occasional uses of mosaics in walls,
Materials and Methods

Sample Description
The laboratory experiments were carried out on a custom-built mosaic model. It was realized in collaboration with the mosaic workshop of the Angelo Orsoni Foundry [18] and consists of three main parts: (a) Support, (b) substrate, (c) tesserae. A plywood sheet of the dimensions 400 × 600 × 5 mm was used to provide the structural support for the model transportation. Taking in consideration the variety of discontinuities and defects that can be found in the subsurface layer of a real ancient mosaic decoration, we used not a simplified but rather a complex model (Figure 1) , with known defects and discontinuities at the surface and subsurface levels. These include different materials for tesserae, surface irregularity, embedded small elements, simulating defects, and a variable mortar structure (Figures 1 and 2 ). Defects inside the mortar subsurface structure: (a) 3D virtual model of the mosaic, the red rectangle indicates the area with the embedded defects, (b) photographic documentation of the defects: (1) Three wooden sticks (diameter 3 mm, length 180-200 mm each), (2) one steel inox plate with four holes (15 × 60 × 1mm), (3) one semi-rigid synthetic sponge (35 × 35 × 5 mm), (4) one rubber ring, with a central hole (diameter 25 mm, thickness 3 mm), (5) one metallic stick (diameter 5 mm, length 200 mm), (6) air bubble wrap (45 mm width × 50 mm length, thickness 1-5 mm), (7) one metallic clip, steel wire (30 × 10 mm × 1 mm), (8) three marble and three glass tiles (around 10 × 10 × 8 mm each), (9) one steel nail (diameter 2 mm, head 5 mm, length 45 mm).
In particular, glass paste, golden leaf, and stone tesserae were used for the decoration, in order to test the application of methods to different surface materials, found in real cases [19, 20] (Figure 1b) .
The decoration layer consists of three types of tesserae: (1) Manually cut glass paste tesserae of the Angelo Orsoni Foundry [18, 19] , (2) manually cut golden leaf tesserae (cartellina) [1] [2] [3] 19] of the Angelo Orsoni Foundry [18, 19] , (3) manually cut stone tesserae from Italian quarries: white Carrara, red Verona marble and grey basalt.
Cement based mortar inlays of the substrate were prepared separately and applied differently. The proportions of ingredients (cement powder, acrylic glue, and water) and the application mode (covered area, roughness, speed and quantity of substrate layers) were designed in a way to simulate possible inhomogeneity inside the historical mosaics: Eventual consolidation injections, rearrangements and mosaic integrations. The mortar portions were prepared using following proportions of the ingredients: The most used mixture for this mosaic model was 4:2:1 (cement Maurer 86248 Edilbriko, water, acrylic glue ratio), with variations ranging from 4.25:2:1 (maximum ratio for cement), 4:2.25:1 (maximum ratio for water), 4:2:1.25 (maximum ratio for acrylic glue). The application of mortar was erformed in the following ways: (1) Regular mode, consisting of three homogeneous mortar layers, corresponding to the bottom part of the mosaic layout, (2) irregular mode, consisting of several inhomogeneous inlays of mortar portions in the central part of the mosaic layout, (3) regular homogeneous mortar layer in the upper part of the mosaic layout.
Therefore, the thickness of the mosaic model varies, with the maximum difference in height at the decorated surface of 20 mm. The visual representation of the model surface irregularity using three-dimensional scanning survey and is shown in Figure 1c .
The embedded metallic elements of known thickness, form, and size simulate the presence of fixation elements and joints underneath the decoration. Mosaic tiles represent residues of plastered mosaic tesserae (stone and glass) underneath. Thin wooden sticks are the elements that can be found inside the historical Byzantine mosaic substrate layers [1] [2] [3] 11] . The air bubble wrap represents a loss of adhesion between layers (a shallow detachment), while a semi-rigid synthetic sponge (predominantly air) simulates a bigger detachment. The presence of plastic in the wrap and in the sponge was necessary for the formation of the defect with the necessary thickness and its persistence after the mortar setting down. A shallow rubber ring represents a non-original material with very different dielectric and thermal properties if compared to the surrounding medium, as an indicator of a strong anomaly. The defects were placed upon the first bedding layer, 5-7 mm thick, as shown in Figure 2b . Their location depth is in the range of 15-20 mm under the surface level and is illustrated in Table 1 . Holographic subsurface radars (HSR), selected for this study, are innovative systems that operate with continuous narrowband, using several frequencies from 2 GHz up to 7 GHz, (depending upon the model [21] [22] [23] [24] [25] [26] [27] ), and based on interference techniques for the image formation. Their well-known applications include structural and historical building surveys, non-destructive testing of dielectric materials, security and humanitarian demining [21] [22] [23] . The detectability of defects in the subsurface by the means of HSR is based on contrasts in dielectric permittivity between the target and the medium. Therefore, the system is effective in the detection of hidden metallic, plastic elements under the planar surfaces, as well as in the detection of moisture [24, 25] . In our awareness, this system is still not commonly involved in the field of cultural heritage diagnostics. The fundamental difference of the holographic subsurface radar from the other surface penetrating radar systems [28] is that it provides not a profile but plan-view subsurface images. HSR uses signal processing methods analogous to optical hologram technology, which was first proposed and accomplished by Gabor in 1948 [29] . The relative dimensions of the recording systems constitute the main difference between optical holography and subsurface radar holography. For optical holography, a size-to-wavelength ratio of d/λ 10 6 applies (where λ is the wavelength, d is a representative dimension of the system), while the same parameter for HSR is equal to only a few units [27] . The laws of geometrical optics cannot be simply applied for HSR implementation. Nevertheless, the analogy is critical for the understanding of the physical processes of HSR and for interpretation of HSR holograms. This technique can also be referred to as microwave holography [30] . Reflected signals are mixed with an internally generated reference signal that has not been transmitted to the medium (Figure 3a) . Both the reflected signal and reference signal have the same frequency, but the reflected signal has a phase shift depending on the distance (depth) to the reflector. Thus, the reflected signal and reference signal interfere constructively or destructively depending on the target or the depth of its position. The phase shift of the reflected signal depends on the distance to the reflector, which allows the estimation of the defect depth. More details on the hologram formation can found in the relative publications [21] [22] [23] [24] [25] [26] [27] . The holographic subsurface radar, used in this study, consists of a transmitting antenna and two receiving antennas for parallel and cross polarizations, as shown in Figure 3a . It emits unmodulated, continuous wave signals with frequency of 6.4-6.8 GHz [26] . The system operates at five simultaneous frequencies within the microwave range in order to ensure that a target (contrast in dielectric properties) will be visible at least at one of the frequencies, regardless of the depth of its location. In the case of only one frequency used, the so-called "blind depths" may appear for a particular target depth due to sinusoidal variation with depth in the phase difference between the reference and target beams [27] . These five frequencies are automatically switched during scanning and their values are very close (within 10%) to the nominal frequency. After each acquisition, 10 images are obtained (five frequencies, two antenna polarizations) [26, 27] .
The HSR results are visualized as "in-plane" horizontal maps of the intensity of the waves [21] [22] [23] [24] [25] [26] [27] , which contain a sum of reflections from different depth levels. Switching the five discrete frequencies, when the dielectric permittivity of the constituent material is known, it is possible to focus the image at the specific depth by the means of the dedicated software. When focusing at a specific depth, the strongest response is expected to derive from the selected level. The image, however, still contains the sum of reflections that come from different depths. For more detailed information about the HSR system, the reader is asked to consult the relative literature references [21] [22] [23] [24] [25] [26] [27] .
The HSR acquisitions were performed on the mosaic surface in two perpendicular directions with a step of 5 mm. The antenna was moved upon a transparent plexiglass sheet, in order to keep the manual acquisition as precise as possible and in order to avoid the direct physical contact to the surface.
Digital Holographic Speckle Pattern Interferometry (DHSPI) and Stimulated Infrared Thermography (SIRT) Workstation
The simultaneous application of digital holographic speckle pattern interferometry (DHSPI) and stimulated infrared thermography (SIRT) is already a recognized combined approach for subsurface structural diagnostics of a wide range of cultural heritage objects [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Both methods are non-invasive, full-field, remote control and non-contact techniques, aimed to evaluate the structural condition of the examined objects. The digital holographic speckle pattern interferometry (DHSPI) is based on the hybrid geometry combination of holographic interferometry (HI) and electronic speckle pattern interferometry (ESPI) [40, 41] . Through a simultaneous DHSPI-SIRT acquisition, complementary information on the subsurface structure is obtained: DHSPI provides immediate visualization of the surface micro-displacement revealing the underlying cause that it is usually a subsurface hidden discontinuity, while SIRT allows immediate visualization of thermal energy diffusion on the surface of decorated surfaces providing complementary information on the homogeneity in materials composition and their integrity.
The holographic principle of DHSPI consists in recording phase variations of two mutually coherent laser beams, produced in the recording plane by a laser source of monochromatic light at the single wavelength of 532 nm: The object beam (called OB), reflected from the surface, interferes with the reference beam (called RB), which was not emitted onto the surface. The superposition of holographic wave fields gives rise to visible interferometric fringes, which indicate the out-of-plane displacement of the surface. Therefore, the data acquisition is based on an interferometric comparison of the two states of the surfaces under examination: The reference state and the excitation state. The white-light image is captured before the excitation and the subsequent acquisitions are performed with a defined regular interval after the excitation. The images are captured using a five-frame algorithm and each set of five images is compared to the first initial set, as shown in Figure 4a . The interferogram acquisition is coupled with the custom-built dedicated software allowing direct visualization of defect shape, size, and location through the identification of abnormal shape of fringe patterns [36] . The technique is directly quantitative through further processing with unwrapping algorithms. The magnitude of surface displacement, expressed in µm or fractions of micrometres, corresponds to the number of fringes multiplied by 1 2 λ laser wavelength. Quantitatively, the displacement resolution (distance between two next pairs of interferometric fringes) is 266 nm (1/2 wavelength) [36] . The experimental set-up uses an Nd:YAG laser as a light source with the following characteristics: 250 mW at 532 nm, DPSS (diode pump solid state) of high spatial-temporal coherence with TEM:00 SLM (single longitudinal mode) and coherent length of 30 m. The high-resolution digital recording medium is a CCD detector with a pixel size of 4.4 µm. The detailed presentation of the system can be found in the relative literature references [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
When DHSPI is coupled with SIRT, thermal excitation is used to reveal the hidden discontinuities by both techniques [40] . The SIRT measures and records variations in thermal radiation from the surface of an object in the infrared range, after induced thermal stress [42] [43] [44] [45] [46] [47] , as shown in Figure 4b . The resulting thermogram is a distribution map of the temperature on the surface of the object under investigation [47] . The photo-thermal signal depends on different parameters, including thermal conductivity, thermal emissivity, thermal diffusivity, temperature, surface colour and brightness, regularity and geometry of the surface. In addition, these parameters can be correlated to the characteristics that are of a strong interest in the wall decoration diagnostics: The presence of cracks, voids, the internal structure of the material, the progress of a physical and chemical transformation, Interferograms are acquired at regular intervals, which are set for the specific acquisition (each ∆t indicates the time interval from the start of acquisition until the captured moment). Thermograms are acquired as a sequence of images at regular intervals set for the specific acquisition (1 s).
The DHSPI-SIRT workstation is illustrated in Figure 5 and comprises an excitation device (infrared lamps), a custom-built DHSPI set-up and an infrared camera, electronic and computing instrumentation for monitoring. Two infrared lamps of 175 W with 30 • beam angle were placed symmetrically to the orthogonal axis of the object's surface (from 20 to 45 • ), at the distance from 50 to 110 cm, in order to provide homogeneous thermal excitation onto the investigated surface. Several sensors connected to the same pc, in particular, a thermometer and a relative humidity meter, are recording the environmental RH/T values before the excitation and throughout the experiment. The experimental procedure can be subdivided into three main steps: (1) Acquisition of reference values by DHSPI, thermal excitation for a specified duration, (2) simultaneous DHSPI and SIRT measurements in sequential recording during the cooling down process, (3) data post-processing, evaluation, and comparison.
In this study, following preliminary experiments, six different thermal excitation values were selected: 20, 40, 60, 80, 120, 160 and 180 s. The interferograms and thermograms recording start always immediately after the end of the excitation loading. The reason is to capture the first and the highest surface reaction, which provides with the highest spatial frequency to upgrade the system ability to trace defects. The interval between captured interferograms by the DHSPI system was set to three seconds. and the SIRT sampling frequency was set to one second. The relaxation of a thermally excited object between the initial and the altered thermal values depends uniquely on the structural condition of the object. Preliminary tests provide the parameters of cooling down duration. In this study, the cooling down duration was in the range of 5-15 min. The sample was stored. and the tests were performed in the standard laboratory ambient conditions (temperature of 20-22 • C and relative humidity of 40-45%).
Results
Results of HSR Acquisitions
Since the surface height of the mosaic sample is variable (the difference between the lowest and the highest points is of 20 mm), the acquisitions were performed on six small areas (25 × 25 cm and 20 × 30 cm). The most appropriate depth value was selected for each acquisition area, in order to focus at the location of the known defects. Figure 6 shows an image of the six stitched small area acquisitions, acquired with the operating frequencies of 6.7 and 6.8 GHz, focused at 1.5-2.5 cm below the level of the decoration surface.
The obtained HSR image reveals the known complex inhomogeneity of the custom-built sample. The stitches of mortar and the proportional differences in composition are not detectable by HSR technique since they do not provide sufficient contrast in dielectric permittivity. For cement-based mortars it depends on the initial water-to-cementitious ratio, fineness of the cement and other factors but usually, the dielectric constant is around ε r = 2.2 [48] . The general inhomogeneity of the mosaic medium, detectable in the HSR image (Figure 6b,c) can be related to different factors (surface irregularity, mortar structure) on its surface or in the subsurface of the model. The reflections from the irregular surface dominate reflections from the subsurface buried targets. The strongest reflections in the HSR image correspond to the gold tesserae on the surface of the decoration layer and to the buried metallic elements (defects 2, 7 and 9) in the subsurface: A metallic steel plate, a steel nail, and a bent metallic wire. The reflections from the metallic objects are strong, due to the high contrast in dielectric permittivity (ε r = 2.2 for the cement-based mortar and ε r = infinite for the metal) [48] . The only buried metallic object (defect 5) is not detectable. Each grayscale holographic image shows a relative distribution of reflected signal intensities. Most probably, the defect 5 (metallic stick) is not detectable due to the dominance of reflections from the surface golden leaf tesserae. Comparison of the 3D virtual model of the mosaic (Figure 1c) to the HSR result (Figure 6b ) allowed a better understanding of the influence of surface irregularity on the experimental results. It is, however, difficult or even impossible to discriminate between the other discontinuities detectable in the HSR image without the use of complementary techniques.
Results of DHSPI Acquisitions
Starting from ∆t = 0.6 • C of thermal excitation for full-field acquisitions (lamps at the distance of 90 cm from the mosaic surface), the interferograms started to show clear differences in fringes pattern density and inclination on the mosaic surface Figure 7 shows the results at 49 s of cooling down after ∆t = 1.4 • C surface temperature gradient. The examination of interferograms allowed immediate recognition of local areas with distinct but diverged morphology from the usual uniformity of fringes, as well as discontinuities formed by parallel dead-end fringes, shown in Figure 7b . Generally, the changes in fringes density are correlated to different properties in underlying materials (their composition and microstructure). The dead-end fringes may indicate the presence of cracks [32, 33] . Figure 7d shows the documented scheme of mortar distribution overlaid on the interferogram captured at 49 s of cooling down monitoring at 1.4 • C surface temperature (80 s of excitation at a distance of 90 cm). The shown interferogram demonstrates changes, which predominantly match the documented stitches of the mortar portions. In detailed acquisitions, the first differences in mortar structure were observed after 40 s of thermal excitation starting from the thermal gradient of 0.5 • C on the surface of the sample. Figure 8a shows the photographic documentation of the mosaic realization process (September 2016). A big detachment due to synthetic sponge (defect 3) was the first defect to be detected through open curves in the fringes pattern starting from approximately 120 s of cooling down monitoring after induced thermal impact ∆t = 1.0 • C (60 s of IR excitation at a distance of 50 cm), as shown in Figure 9a ,b. This pattern can be classified as corresponding to an internal crack or detachment [32, 33] . The air bubble wrap (defect 6) induced an impact on the surface as open curves in the fringes pattern starting from 200 s after ∆t = 1.4 • C thermal excitation (80 s of IR excitation at a distance of 50 cm). Other defects are also detectable, for example, the rubber ring (defect 4) as an irregular circular fringe within a complex morphology of fringes pattern and the steel stick (defect 5) as a change in the inclination of the curves (Figure 9a,b) . The defects simulating detachments (i.e., synthetic sponge) appear on the interferograms as open curves after lower thermal excitation (starting from ∆t = 1.4 • C) and as closed curved fringes after higher thermal excitation (at ∆t = 2.1 • C and ∆t = 3.9 • C). According to the fringes pattern classification [32, 33] , these known defects are recognized as an internal detachment or void. The presence of a flat steel inox plate (defect 2) was not detected by the DHSPI system by full-field of overall surface acquisition or even local detailed area acquisitions. The thermal excitation induced on the defect in the subsurface did not induce sufficient deformation in the direction of the optical axis of the system, in order to provide an impact on the mosaic surface. 
Results of SIRT Acquisitions
Differences in the surface temperature distribution, observed on the thermal images, can be related to both surface and subsurface characteristics of the mosaic [46, 49, 50] . As mentioned before, the decoration layer consists of marble tesserae (thermal conductivity k = 3.14 W/(mK) [46] , glass paste tesserae (thermal conductivity is to be estimated due to variable contents of lead and other metal oxides) and metal leaf under a thin layer of glass (thermal conductivity is to be estimated). The tesserae are of different brightness, colour and are placed at different angles. Some of the tesserae act as a mirrored surface, creating a shimmering effect of reflections on the thermogram, as shown in Figure 10 . The technique did not reveal the differences in mortar structure. The presence of buried objects is hardly detectable, e.g., detachment due to synthetic sponge (defect 3) and wooden sticks (defect 1) or not detectable, e.g., steel inox plate (defect 2) by visual observation of thermal images (Figure 10a,b) . The analysis of IR thermography data was carried out on the results of the SIRT acquisition, presented in Figure 10 . The tests were implemented with the help of dedicated software to evaluate the detectability of the wooden sticks (defect 1), metallic plate (defect 2) and synthetic sponge (defect 3). The thermal behaviour in the regions with or without defects underneath the surface is expected to be different. Therefore, several regions of interest (ROI) on the surface of the mosaic were selected and contoured on the thermal images. For each of the analysed defects, three ROIs of equal form and dimensions were selected: One covering the area with the defect underneath the mosaic surface and two covering the areas nearby without the defect underneath the mosaic surface. For defect 1, three equal rectangular ROIs are of 3 × 100 mm each: One covering the embedded wooden sticks and two the surrounding areas (higher and lower from the defect location). For defect 2, each ROI is of 10 × 50 mm: one covering the embedded steel plate and two equal ones covering the surrounding areas on the right and on the left side from the defect. For defect 3, each ROI is of 30 × 30 mm: One covering the embedded synthetic sponge and two equal surrounding areas on the right and on the left side from the defect. Additional three rectangular ROIs, equal in dimensions and form to the ROIs of the defect 1 on the right side of the mosaic surface, are positioned symmetrically on the left side of the mosaic surface. They do not cover embedded defects and are used as a reference for the study of defect detection. The position of the ROI for each of the analysed defects is shown in Figure 11 .
The average temperature values per each analysed area (ROI), called mean temperature values, were calculated during the cooling down process after the acquisition with ∆t = 1.2 • C on the surface temperature (180 s of excitation) At the 1st second of excitation, each of the three defected areas (1, 2 and 3) shows higher mean temperature values than their surrounding areas. The differences are detectable for defect 1 and 3 (wooden sticks and synthetic sponge) and not detectable for defect 2 (steel plate) by visual observation of thermal images. The temperature values of each defected area and the thermal differences with the surrounding areas at the start and at the end of cooling down monitoring after ∆t = 1.2 • C thermal excitation are reported in Tables 2-4. Figure 11a shows the position of the analyzed ROIs for the comparison of mean temperature values over the areas inside and outside the defect 1. The analysis was also performed on three equal ROIs, placed symmetrically on the left side of the sample, as shown in Figure 11a . These ROIs cover partially mosaic tiles and of a metallic clip underneath the decoration layer, not detectable through the surface temperature differences.
On the left side of the mosaic model, without buried wooden sticks, the temporal temperature plots show a distribution of values, expected for a non-defected area of the mosaic (Figure 12a) . The ROIs correspond mostly to the non-defected area, covering only partially the buried mosaic tiles and a metallic clip, not detectable by visual observation of thermal images. On the right side of the mosaic, with the buried wooden sticks hidden in the subsurface, the higher mean temperature at 1st second after excitation is detected in the defected area (25.47 • C), compared to the surrounding areas (25.37 and 25.38 • C respectively), as shown by the graph in Figure 12b . The temperature inside the ROI covering the wooden sticks equalises with the values of the surrounding areas at 110 s after excitation. At the end of the cooling down monitoring the distribution of values reaches the values, similar to the left side of the mosaic, as expected for a non-defected area. The defect is detected through higher surface temperature above the embedded wooden sticks, which can be explained by the lower thermal conductivity of the wood, compared to the thermal conductivity of the cement mortar binding medium (0.05-0.14 W/(mK) for different types of wood and 1.4-1.75 W/(mK) for the cement mortar) [46, 50] . Defect detection by the means of SIRT data analysis. Comparison of mean temperature values per area (ROI) located over the defect, embedded in the subsurface, and two equal areas located on the surrounding areas: (a) Three ROIs equal in form and dimension to the defect 1, which cover non-defected areas, used as a reference of expected thermal distribution, (b) three ROIs equal in form and dimension to the defect 1, which cover the area over the defect, and two surrounding areas, (c) three ROIs equal in form and dimension to the defect 2, which cover the area over the defect and two surrounding areas, (d) three ROIs equal in form and dimension to the defect 3, which cover the area over the defect and two surrounding areas.
As shown by the temporal plot (Figure 12c) , at the 1st second after thermal excitation, the area upon the defect 2 (a stainless steel plate) shows slightly higher mean temperature values than its surrounding areas (difference of 0.2 • C), which is not detectable by visual observation of thermal images. This difference is maintained during the first 30 s of cooling down monitoring, afterwards, a temperature equalisation of the surface occurs and, subsequently, starting from 92 s, the temperature values become inverted, with a very low difference (0.1 • C after 300 s cooling down monitoring).
In order to furtherly analyse the thermal behaviour of the buried metallic object (defect 2), additional thermal plots for two points on the surface of the mosaic were calculated and plotted (each point equals 3 × 3 pixel), as shown in Figure 13a . One point is located on the mosaic surface covering the embedded metallic object underneath (inside defect 2) and the other point is located in its proximity without the embedded metallic object underneath (outside defect 2). Both points are located on the homogeneous surface of the glass paste tesserae. As shown in Figure 13b , at 1st second after thermal excitation, the point temperature within the defected area 2 (steel plate) is 0.17 • C higher than of the point outside it (25.45 and 25.27 • C respectively). The temperature inversion occurs at 31 s after excitation and the low difference remains persistent until the end of cooling down monitoring, with the maximum ∆t = 0.12 • C. It can be explained by the fact that the metal due to its higher thermal conductivity (k = 16 W/(mK)) is a good thermal conductor, it heats faster and cools down faster than the surrounding medium, characterized by lower thermal conductivity (k = 1.75 W/(mK) for the cement-based mortar [46, 50] . The defect 3 (synthetic sponge simulating a thick detachment) is detectable by simple visual observation of thermal images, due to the higher temperature value, common for voids or detachments. However, in the temporal graphs (Figure 12d ), unlike the wooden sticks or steel plate, the thermal difference on the surface remains persistent. An exchange in temperature values between the defected and non-defected areas is yet not observed until the end of cooling down monitoring at 360 s. It can be explained by the fact that the thermal conductivity values for the synthetic sponge, which contains predominantly air and plastic material are low (k = 0.026 W/(mK) and k = 0.2-0.3 W/(mK), respectively) [46, 50] . This object acts as a thermal insulator. The thermal energy remains blocked inside the sponge and longer monitoring time may be needed for the temperature between the defect and its surroundings to be equalized, as shown by the temporal plot in Figure 12d .
Discussion
The three techniques, operating with different principles, provided complementary information on the embedded defects and subsurface homogeneity of the custom-built mosaic model. The tests were performed as non-contact full-field acquisitions by DHSPI and SIRT and as detailed contact acquisitions by HSR.
The DHSPI system showed its high potentiality for the study of subsurface medium homogeneity. By observation of the interferograms over time, it was possible to reconstruct the known internal structure of mortar and differentiate between distinct inlays, applied one after another. The system was capable to reveal the differences in the proportions of mortar's composition and in the way it had been applied (flattened, regular vs. rapid, and irregular), as well as the stitches between different parts. Observation of fringes morphology over time in DHSPI results allowed localizing the defects that simulate the presence of adhesion loss, detachments, and voids. The thick detachment was also detectable by simple observation of SIRT images. Regarding the hidden metallic objects, the steel plate was not detected: Neither by the examination of interferograms pattern nor by visual observation of thermal images. Thermal excitation did not provoke vertical displacement in the metal sample, therefore, no impact on the surface could be detected by the DHSPI. The metal plate could be revealed subsequently by post-processing of thermal data by the means of dedicated software.
The steel plate and the steel nail were, however, immediately detectable by the third complementary technique-HSR. This method showed high potentiality in the detection of high contrasts in dielectric permittivity when the object width in a planar surface is bigger than the acquisition step of the technique. The signal is reflected from a metal interface without any further penetration inside the medium, which represent, from one side, an advantage in the detection of hidden metal elements and a disadvantage, from the other side, during acquisitions upon signal reflective surfaces. This signal does not penetrate underneath the golden tesserae layer, which is a strong limitation for the field of Byzantine wall mosaics diagnostics. The signal is strongly attenuated through superficial reflections from the irregular mosaic tesserae surface with high metal oxides content (up to 20%). The detectability of known embedded defects and unintentionally created defects (cracks, damages, etc.) in the given laboratory experimental study is summarized in Table 5 . 
Conclusions
As shown by the first laboratory experimental results, the three techniques, operating with different principles, provided complementary information on the subsurface homogeneity and presence of known anomalies within the custom-built mosaic model. Each of the tested methods demonstrated certain potentialities and limitations when applied to the decorated surface of a mosaic model in this experimental study.
The holographic subsurface radar (HSR) showed the following limitations: Need of physical contact to the surface, results are highly influenced by surface geometry and material transparency on the microwave signal, absence of penetration under the golden leaf tesserae, possible errors during manual acquisition, discrimination between the reflections from the irregular surface and the reflections from the subsurface target is difficult. The proved key advantage of this technique lies, however, in the detection of metal elements larger than the resolution step of the used instrument (0.5 cm) even under irregular glass paste or stone mosaic tesserae surface.
The digital holographic speckle pattern interferometry (DHSPI) showed limitation in the detection of micro-displacement other than the z sensitivity direction of the optical axis of the system, the elements without much impact on the examined surface were not detected (e.g., the thin metal plate in the specific laboratory case study producing deformation only to x, y direction). The main advantages include its full-field, remote and non-contact method of operation, applicability to irregular and non-planar surfaces and good penetration underneath the metal leaf and other types of tesserae, immediate detailed information about detachments, cracks, and differences in the medium structure (mortar). The main disadvantage is the vibration sensitivity, which demands steady optical table and to avoid noises during data acquisition.
The stimulated infrared thermography (SIRT) showed the following limitations: Non-visibility through the glass, difficulties to distinguish between different objects with similar temperature, results are influenced by surface reflectivity and colour. The advantages of this technique include immediate non-contact detection of contrasts in thermal conductivity, the good potentiality for the study of shallow depth detachments and voids. Further SIRT tests, using longer thermal excitation times, should be implemented, enabling in such a manner the diffusion of a greater amount of energy into the interior of the tested mosaic model. In this regard, the use of most advanced procedures of active thermography [51, 52] could possibly overcome the detectability limitations observed in this study, which is mainly attributed to the limited heat excitation energy induced into the mosaic model.
On the basis of the results obtained in this experimental study, we propose a combined non-invasive approach to the mosaic diagnostic study following a procedure illustrated in Figure 14 . The results of the first laboratory experimental results show that non-contact full-field techniques DHSPI and SIRT can be applied in combination as first pre-screening tools in full field (FF) or larger areas acquisitions for mapping the areas of interest in the subsurface of mosaics for further detailed acquisitions. These techniques can be applied in-situ on real mosaic case studies and, subsequently, depending on the available documentation, conservation issues and the first full-field results, the selection of methods for further detailed area acquisitions may be different. If contact to the mosaic surface is allowed, and if the area of interest lies underneath non-metallic tesserae, we recommend testing HSR technique for the detection of metallic elements in the mosaic subsurface (nails, anchors and other fixation elements). When contact to the surface is not allowed, but a minimal thermal excitation is acceptable, SIRT can be tested for the detection of metallic elements. When the presence of detachments or cracks is suspected, further full-field monitoring and detailed acquisitions by DHSPI-SIRT are highly recommended. Furthermore, the DHSPI results on a mosaic model with known mortar structure showed the high potentiality of the DHSPI technique in the detection of mortar inhomogeneities underneath the mosaic decoration layer. It should be further tested in-situ as a non-invasive method for differentiation between original and reshuffled areas in historical mosaics. The complementarity of data, obtained through the combination of evaluated techniques on the known anomalies in a mosaic model, indicates strong potentiality of further development of the proposed non-invasive approach to the in-situ subsurface analysis of ancient wall mosaics.
